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How to image this ?
(for only 10 times the cost of TESS)
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High contrast imaging
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High contrast imaging: Toward 10-10

 

 
Figure 5. The performance of existing and future high-contrast imaging instruments. The            
self-luminous planets detected to date are at contrasts of 10-6 and brighter, vs. 10-9 contrasts               
needed to detected Jupiter in reflected light and 10-10 to detect the Earth as seen from outside.                 
WFIRST’s coronagraph will be a major step towards crossing this performance gap.  
 

 
 
 
 
 
 
 



High contrast imaging: Toward 10-10
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Coronagraphy: limitations

� Origin of the speckles
� Classical AO residues (ground-based telescope)
� Defects of the optics (space and ground based)
� Complex apertures8



Static speckles 
τ >> exposure time
=> Active correction in open loop 
(calibration)
=> Post treatment technique
(e.g. roll subtraction )
Have to be corrected if very high !

Quasi-static speckles
τ ≈ exposure time
=> Active correction in closed
loop

Dynamic speckles
τ << exposure time
=> Averaged on one frame
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Speckles
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phase1 aberration

Complex EM field
in the focal plane

2 distinct wavefront
before the coronagraph

real part imaginary part

real part imaginary part

= ≠

Même intensité dans 
le détecteur en

plan focal

phase2 aberration

|AS|2
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Measure field in focal plane
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Fourier transform



Fringed speckles
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Self-coherent camera (SCC)
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� 2012-2013 : First experimental results of the SCC (Contrast = 3. 10-7)
Mazoyer et al. 2012 (SPIE), Mazoyer et al. 2013a (A&A)

� 2014 : Improvement of the experimental results by a factor 12. First 
results in larger spectral band (bw = 3%, Contrast = 2. 10-8) 
Mazoyer et al. 2014a (A&A)

� 2016 : Results and correction in large spectral band (up to 30%) 
Delorme et al. 2016

� 2015-2018 : Palomar. First on sky validation  on the 100 inch 
telescope. 
Galicher et al in prep. 

10−6

10−7

10−8

SCC: Experimental results
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WFIRST (< 10 years) LUVOIR ( ~ 20 years)

Telescope Pupil

0.

0.2

0.4

0.6

0.8

1.
Final PSF

!9.9

!8.5

!7.

!5.6

!4.1

!2.6
Cont.

DM1

!74.2

!43.4

!12.6

18.2

49.

79.8
nm DM2

!88.5

!49.9

!11.2

27.4

66.

104.7
nm

ELTs (< 10 years)

TMT E-ELT WFIRST

Available Aperture and Spider Files

hex1_*.fits hex2_*.fits hex3_*.fits hex4_*.fits keystone24_*.fits piewedge12_*.fits piewedge8_*.fits

y_spiders_60deg_*.fits offset_y_spiders_
60deg_*.fits

x_spiders_*.fits cross_spiders_*.fits t_spiders_*.fits y_spiders_90deg_*.fits

Apertures are 1000 or 2000 pix in diameter: hex2_2000pix.fits

Spiders are 2.5 cm or 10.0 cm thick and are for 1000 or 2000 pix aperture diameters: 
y_spiders_60deg_2000pix_2.5cm.fits, x_spiders_1000pix_10.0cm.fits

Apertures for Segmented Coronagraph Design and Analysis 
(SCDA) program (JPL) 18

Aperture discontinuity

18



• 2 types of throughput :
• Number of incoming planetary photons that actually reach the final focal plane (Transmission)

• Deformation of the off-axis PSF (Airy throughput):  

Apodization Lyot stop

3 λ/D off-axis 
PSF 

Reflective methods:
- Low impact on transmission
- High strokes on the mirrors => high impact on Airy throughput

Another important metric: throughput 

19

Expected center 
of the PSF
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12.6m diameter no central Obs

12.6m diameter and 10% central Obs

12.6m diameter and 27% central Obs
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3. Optimization of the ACAD-OSM Technique for
Throughput or Contrast Performance

3.1. Context: Throughput or Contrast Optimization?

In ACAD-OSM I and the present paper, ACAD-OSM is
primarily optimized to maximize the contrast level. However,
contrast is not the only metric of interest in the pursuit of the
final goal of high-contrast imaging: detection of faint
companions around nearby stars. Ruane et al. (2016) showed
that for a given set of assumptions for the instrument and
observation conditions (e.g., ground- or space-based telescope,
size of the primary mirror, amount of aberrations or star and
planet fluxes), the estimated integration time to detect a planet
is a complex function of both contrast and throughput.

The fine-tuning optimization of the ACAD-OSM technique
to maximize planet S/N in each case is beyond the scope of
this paper. However, in this section, we show how two
different parameters can optimize either contrast or through-
put at the expense of the other. Using these fine-tuning

parameters for a given coronagraphic instrument, one can
achieve the best performance for a specific instrument. These
parameters are especially useful in the case where ACAD-
OSM has an important effect on the throughput, i.e., in the
case of large struts, as shown in ACAD-OSM I, Section 4.2.
For this reason, in this section, the WFIRST-like aperture is
studied, with a 36% central obscuration and large struts
(Figure 22, top, left).

3.2. Size of the Lyot Stop Radius with the WFIRST Aperture

Some coronagraph designs (APLC, PAVC) provide the
possibility of choosing the inner and outer radius of the Lyot
stop and to optimize the apodization for this Lyot Stop. In
N’Diaye et al. (2015) and Fogarty et al. (2017b), the authors
explore the parameter space of these parameters to maximize
the throughput in the final focal plane. Because the optim-
ization of this parameter for each coronagraph has been done in
the previous papers of N’Diaye et al. (2016) and Fogarty et al.
(2017b), we only focus on its impact on the ACAD-OSM
method performance.
In this section, the WFIRST DM setup is used ( =N 48act ,

IAP=1 mm, = *D 48 1 mm, z=1 m, l lD = 10%0
BW). Two different charge 6 PAVCs are compared, which
have both been optimized for this 36% central obscuration but
using two different Lyot inner radii: 46.1% (which is normally
the optimum for energy transmission for a 36% central
obscuration aperture) and 55%. The results in contrast are
presented in Figure 6 and in throughput performance in
Figure 7. The dashed lines show the throughput before any
correction (due to the PAVC charge 6 alone). The solid lines
show the throughput at the end of the ACAD-OSM correction.
For both contrast and throughput performance, the smaller
inner radius of the Lyot stop (46.1%) is represented with blue
lines and the 55% inner radius Lyot stop is represented with red
lines.
A larger Lyot stop inner radius has a better contrast

performance but worse throughput performance. The better
performance in contrast is due to the fact that the parts of the
aperture hidden behind the Lyot stop have a lot less impact on
the focal plane and are easier to correct for by the DMs. For this

Figure 4. Contrast performance for the SCDA aperture ( =N 48act ,
IAP=0.3 mm, = *D 48 0.3 mm, z=0.3 m, l lD = 10%0 BW), for an
APLC (blue curve), a charge 4 RAVC (red curve), and a charge 6 PAVC (green
curve).

Figure 5. Throughput performance for the SCDA aperture for an APLC (blue
curve), a charge 4 RAVC (red curve), and a charge 6 PAVC (green curve).
The dashed lines show the throughput before any correction (due to the
coronagraph alone). The solid lines show the throughput at the end of the
correction (with =N 48act , IAP=0.3 mm, = *D 48 0.3 mm, z=0.3 m,
l lD = 10%0 BW).

Figure 6. Influence of the Lyot stop inner radius on the contrast performance.
The WFIRST aperture and DM setup are used ( =N 48act , IAP=1 mm,

= *D 48 1 mm, z=1 m, l lD = 10%0 BW) to show this effect. The
correction with an inner radius of the Lyot stop of 46.1% is shown in blue and
with a larger inner radius of the Lyot stop (55%) in red.
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the performance of a solution is sometimes presented
using only the averaged DH contrast. This last indicator is
imperfect but useful to quickly compare results.

2. Throughput. To capture the complex effects of the
ACAD-OSM technique on an off-axis PSF, the through-
put is defined: for an off-axis source at a given separation
from the star, this term represents the ratio of the energy
that reaches the off-axis PSF core in the final image plane
(inside a photometric aperture of 0.7 l D0 ap radius
centered around the expected position of the PSF) to the
energy in the on-axis PSF core (inside the same
photometric aperture) when the two DMs and the
coronagraph systems are removed. The throughput takes
into account both the apodization transmission and the
scattering of the off-axis PSF due to the propagation
through non-clear pupils and non-flat DMs. Only
throughput losses due to the two-DM system and the
coronagraph throughput are taken into account: all other
factors of throughput (including all mirror reflectivities,
detector quantum efficiency, polarizers) are neglected. In
the following sections, performance is usually shown via
curves that display the throughput value as a function of
the off-axis source separation in l D0 ap.

2.4.2. Comparison

Figure 6 (left) shows the mean contrast level in the 3-10
l D0 apDH as a function of the iteration number with ACAD-
ROS+SM (in blue) and ACAD-OSM (in red) methods. For
ACAD-OSM, the eight black diamonds show the iterations at
which the algorithm stops and builds a new interaction matrix.
The red horizontal dotted lines represent the best contrast
achieved with each interaction matrix. Figure 6 (right) plot
shows a magnification of the first 200 iterations. The black
horizontal lines show the initial contrasts for both methods
(PSF shown in Figure 2, top right panel) and the contrast level
after the ACAD-ROS (PSF shown in Figure 2, bottom left).
The thicker dashed lines represent the final contrast in both
cases: blue after ACAD-ROS and SM (DH in Figure 2, bottom
right) and red for ACAD-OSM (DH in Figure 5, top right).

The initial DH contrast level with initial flat DM shapes and
after ACAD-ROS is -10 4.14 and -10 4.3, showing an improve-
ment of only 1.4 (however, with easier apertures or DM setups,
Pueyo & Norman 2013 reported better improvements). In the
first 50 iterations, the ACAD-ROS+SM method shows better
contrast than the ACAD-OSM. However, the SM algorithm
after ACAD-ROS diverges after only 40 iterations, due to the
fact that the SM enters into a non-linear regime. The final
contrast with ACAD-ROS+SM method is -10 5.33 (horizontal
blue dashed line). At about 60 iterations, the ACAD-OSM
algorithm also diverges. At this moment, it switches to the low-
gain mode, allowing it to continue converging for 110 more
iterations after which it diverges again at about 185 iterations.
At this point, the limit of linearity for this matrix is reached.
With an intermediary contrast of -10 6.35, a new matrix is built
and the correction continues to progress toward the local
contrast minimum. After running the algorithm for eight
interaction matrices, the final mean contrast (Figure 5, top
right) is now -10 9.41 (horizontal red dashed line). The
improvement in contrast between the seventh and the eighth
matrices is only a factor 1.4.
The performance in throughput is shown in Figure 7. For

each solution, we note the associated performance in contrast
and the strokes (peak-to-valley) on the DMs. The ACAD-ROS
algorithm has surprisingly very little impact on the throughput
at small separations (with strokes of ∼5 μm), but starts to
degrade the throughput drastically after only 10 l D0 ap. This
throughput drop can be observed in all ACAD-ROS solutions
(e.g., Mazoyer et al. 2015). In comparison, the effect of SM and
ACAD-OSM algorithms on throughput is more uniform over
the focal plane. Finally, the throughput is better for the ACAD-
ROS+SM algorithm than for the ACAD-OSM for the 0–14
l D0 ap range but quickly drops after.

Here, the starting point of the ACAD-OSM method is the flat
DM shapes. We also considered applying ACAD-OSM starting
from the ACAD-ROS shapes, leading to close results in
contrast in both situations. However, the throughput results
always show a quick drop at large separation with the ACAD-
ROS technique, which does not appear with flat initial DMs.
The number of matrices used in the ACAD-OSM have an

Figure 6. Convergence of the mean contrast level in the DH as a function of the number of iterations for the ACAD-ROS+SM solution (blue curve) and for the
ACAD-OSM solution in eight matrices (red curve). The coronagraph is a charge 6 PAVC and the DM setup is the one used in theWFIRST mission: WFIRST aperture,

=N 48act , IAP=1 mm, = *D 48 1 mm, z=1 m, l lD = 10%0 BW. The black diamonds are located on the iterations where the algorithm stops and recalibrates
with a new interaction matrix. At each step, the contrast level is indicated by a horizontal dotted line. Final contrasts for both methods are shown with dashed lines.
The right plot shows a magnification of the first 200 iterations from the left plot.
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Active Correction of Aperture Discontinuities - optimized stroke-
minimization 
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WFIRST pupil LUVOIR like Pupil

What is the hardest ?
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WFIRST pupil LUVOIR like Pupil

What is the hardest ?

25
Huge central obstruction => strong
impact on throughput



WFIRST pupil LUVOIR like Pupil

What is the hardest ?
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Thick spiders:
• limit the contrast achieved by active methods
• create high strokes => distort off-axis PSF => strong impact on the Airy throughput



WFIRST pupil LUVOIR like Pupil

What is the hardest ?

27
Segmentation:
• Not very different from spiders, and usually a lot finer
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3. Optimization of the ACAD-OSM Technique for
Throughput or Contrast Performance

3.1. Context: Throughput or Contrast Optimization?

In ACAD-OSM I and the present paper, ACAD-OSM is
primarily optimized to maximize the contrast level. However,
contrast is not the only metric of interest in the pursuit of the
final goal of high-contrast imaging: detection of faint
companions around nearby stars. Ruane et al. (2016) showed
that for a given set of assumptions for the instrument and
observation conditions (e.g., ground- or space-based telescope,
size of the primary mirror, amount of aberrations or star and
planet fluxes), the estimated integration time to detect a planet
is a complex function of both contrast and throughput.

The fine-tuning optimization of the ACAD-OSM technique
to maximize planet S/N in each case is beyond the scope of
this paper. However, in this section, we show how two
different parameters can optimize either contrast or through-
put at the expense of the other. Using these fine-tuning

parameters for a given coronagraphic instrument, one can
achieve the best performance for a specific instrument. These
parameters are especially useful in the case where ACAD-
OSM has an important effect on the throughput, i.e., in the
case of large struts, as shown in ACAD-OSM I, Section 4.2.
For this reason, in this section, the WFIRST-like aperture is
studied, with a 36% central obscuration and large struts
(Figure 22, top, left).

3.2. Size of the Lyot Stop Radius with the WFIRST Aperture

Some coronagraph designs (APLC, PAVC) provide the
possibility of choosing the inner and outer radius of the Lyot
stop and to optimize the apodization for this Lyot Stop. In
N’Diaye et al. (2015) and Fogarty et al. (2017b), the authors
explore the parameter space of these parameters to maximize
the throughput in the final focal plane. Because the optim-
ization of this parameter for each coronagraph has been done in
the previous papers of N’Diaye et al. (2016) and Fogarty et al.
(2017b), we only focus on its impact on the ACAD-OSM
method performance.
In this section, the WFIRST DM setup is used ( =N 48act ,

IAP=1 mm, = *D 48 1 mm, z=1 m, l lD = 10%0
BW). Two different charge 6 PAVCs are compared, which
have both been optimized for this 36% central obscuration but
using two different Lyot inner radii: 46.1% (which is normally
the optimum for energy transmission for a 36% central
obscuration aperture) and 55%. The results in contrast are
presented in Figure 6 and in throughput performance in
Figure 7. The dashed lines show the throughput before any
correction (due to the PAVC charge 6 alone). The solid lines
show the throughput at the end of the ACAD-OSM correction.
For both contrast and throughput performance, the smaller
inner radius of the Lyot stop (46.1%) is represented with blue
lines and the 55% inner radius Lyot stop is represented with red
lines.
A larger Lyot stop inner radius has a better contrast

performance but worse throughput performance. The better
performance in contrast is due to the fact that the parts of the
aperture hidden behind the Lyot stop have a lot less impact on
the focal plane and are easier to correct for by the DMs. For this

Figure 4. Contrast performance for the SCDA aperture ( =N 48act ,
IAP=0.3 mm, = *D 48 0.3 mm, z=0.3 m, l lD = 10%0 BW), for an
APLC (blue curve), a charge 4 RAVC (red curve), and a charge 6 PAVC (green
curve).

Figure 5. Throughput performance for the SCDA aperture for an APLC (blue
curve), a charge 4 RAVC (red curve), and a charge 6 PAVC (green curve).
The dashed lines show the throughput before any correction (due to the
coronagraph alone). The solid lines show the throughput at the end of the
correction (with =N 48act , IAP=0.3 mm, = *D 48 0.3 mm, z=0.3 m,
l lD = 10%0 BW).

Figure 6. Influence of the Lyot stop inner radius on the contrast performance.
The WFIRST aperture and DM setup are used ( =N 48act , IAP=1 mm,

= *D 48 1 mm, z=1 m, l lD = 10%0 BW) to show this effect. The
correction with an inner radius of the Lyot stop of 46.1% is shown in blue and
with a larger inner radius of the Lyot stop (55%) in red.
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Different coronagraphs designs
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A more difficult aperture
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WFIRST pupil



Inter-DM
dist. (Z)

DM
Size (D)     

0.3 m 0.3 m 1.0 m 1.5 m

0.1 mm
x 48 act.

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

0.3 mm
x 48 act.

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

0.7 mm
x 48 act.

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

1.0 mm
x 48 act.

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

RAVC4 / 
SAVC6
/APLC

WFIRST mission
set-up

Boston 
Micromachines

DMs
(e.g. Gemini/GPI)

Xinetics
DMs

(e.g. WFIRST)

• WFIRST aperture 10 % bandwidth around 550 nm
• Fixed number of actuators. Size of the pupil driven by the size of the inter-actuator distance

Parametric space
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• Two competing effects
• Vignetting of the beam by the second DM: Initial aperture (1st DM)

After propagation (2nd DM)

Favor large Fresnel numbers

The diffracted aperture is larger 
than the second DM: vignetting

Impact of the DM setup

31



• Two competing effects
• Vignetting of the beam by the second DM:

• Favor large Fresnel Number
• Talbot effect:

• Favor small Fresnel Number

z = 0 z = ztz = zt/2z = zt/4

RE part

IM part

RE part

IM part

RE part

IM part

RE part

IM part

Talbot distance
zt = 2D2/ (N2λ)

Impact of the DM setup
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• The only relevant parameter is the Fresnel number:
F = D2/λz

33 Mazoyer et al. 2018

Impact of the DM setup
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34 Mazoyer et al. 2018

Impact of the DM setup
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• The only relevant parameter is the Fresnel number:
F = D2/λz



Chris Stark et al. (submitted)

HabEx or LUVOIR ?
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Single Starshade
Vortex Coronagraph

DM−Assisted
Vortex Coronagraph

Apodized Pupil
Lyot Coronagraphs

No refueling

Fig 10: The exoEarth candidate yield landscape for future direct imaging coronagraph- and
starshade-based space telescopes. The spread in coronagraph yields (green, red, and blue) cor-
responds to high and low throughput scenarios considered herein. Astrophysical uncertainties are
shown for several point designs (black). Without refueling, the yields of starshade-based missions
are limited, while yield increases with aperture size for coronagraph-based missions. As long as
segment gaps are small and the requisite engineering constraints can be met, there is little to no
yield penalty for segmentation, but currently a substantial penalty for an on-axis telescope de-
sign. The primary mirror geometry is illustrated along the top for each region of the plot; on-axis
pupils would have the central segment removed. The blue hashed region illustrates the yield that
may be possible with on-axis telescopes if the performance of future on-axis coronagraph designs
improves.

The colored curves shown in Figure 10 illustrate the yield expected value. For three point de-781

signs, shown in black, we show the estimated 1� astrophysical uncertainties. The uncertainties782

shown include all major astrophysical sources: occurrence rate uncertainties, exozodi uncertain-783

ties, and the Poisson noise associated with the planets and exozodi randomly assigned to individual784

stars. We emphasize that these uncertainties are estimates, because the uncertainty on ⌘C and the785

50
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• Can adapt to change in the pupil during its lifetime

Mazoyer et al. 2018 AJ a and b

Active
Correction
ACAD-OSM
(minutes)

Segment
Maintenance

(daily)

The need for active control
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4 quadrant phase mask coronagraph
(Rouan et al. 2000)

State of the art in 2006

VLT aperture

SPHERE first light in 2014 (hardly 
used since the first light) 

Selected for JWST/MIRI

The need for active control
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4 quadrant phase mask coronagraph
(Rouan et al. 2000)

State of the art in 2006

JWST aperture

Launch in 2021

Selected for JWST/MIRI

The need for active control
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Beta Pictoris first image
(Smith & Terrile 1984)

N’diaye , Pueyo et al.
LUVOIR-like simulationBeta pictoris (J. Wang)

1 AU

Thank you !


